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Introduction: The long-term prognosis of arteriovenous polytetrafluoroethylene (PTFE) hemodialysis grafts remains
poor, causing significant morbidity and costs. The high failure rate is due to a stenosis development of the graft-vein
anastomosis, consisting of two pathophysiologically separate and characteristic lesions emerging from two main
mechanisms: development of intimal hyperplasia in the vein and pseudointima in the graft. We developed a new venous
anastomotic graft design that combines a flow diffuser and flow division, thereby creating a double-channel graft
(Bi-Flow graft) and tested it in vitro.
Methods: In vitro experiments have been performed using silastic models of six different anastomotic configurations
(straight end-to-side, cuffed Venaflo-type, large and small diffuser, and large and small Bi-Flow) inserted into a
pulsatile-flow circuit. The silastic models were created using a computerized numerical control design approach, varying
only the venous anastomoses. Velocity fields and shear stresses were obtained using particle image velocimetry, and
volumetric flow rates through the models were measured using an ultrasound flowmeter.
Results: The hooded graft configurations showed significantly lower shear forces than did the end-to-side anastomosis.
The shear stresses in the straight end-to-side graft were as high as arterial wall stresses. Large separation areas were present
in the hooded grafts, except for the small Bi-Flow graft, which showed only isolated separation zones near the baffle used
to divide the flow. The double-channel grafts exhibited a parabolic flow profile consisting of laminar flow in the
double-outflow portion of the model’s laminar flow pattern through the venous anastomosis. A marked flow separation
was present in the large Bi-Flow model. Volumetric flow measurements revealed an average flow increase of 21% through
the small Bi-Flow graft, which was attributed to the optimization of flow dynamics and pattern within the venous
anastomosis of the double-channel graft.
Conclusion: The new arteriovenous Bi-Flow graft design addresses two major problems responsible for the development
of venous stenosis of prosthetic hemodialysis grafts in vitro. The new graft design should be further investigated in animal
studies. ( J Vasc Surg 2010;52:421-8.)
Clinical Relevance:Arteriovenous polytetrafluoroethylene grafts have a poor long-term prognosis, and most are occluded
after only 2 years. The most important cause is the development of a venous anastomotic stenosis. The stenosis consists
of venous intimal hyperplasia and graft pseudointima that narrows the lumen. The intimal hyperplasia results predom-
inantly from high wall shear stresses, and the pseudointima develops within flow separation areas near the polytetrafluo-
roethylene wall. We developed a new arteriovenous graft design, which combines a flow diffuser to decrease flow velocity
and resulting shear stress with a baffle that divides the outflow tract, thus forming two separate channels. The new graft
was investigated using particle image velocimetry and volumetric flow measurements.The long-term prognosis of arteriovenous polytetra-
fluoroethylene (PTFE) grafts remains poor.1-3 One of the
major problems is the development of stenosis at the ve-
nous anastomosis site.4,5 This stenosis results from two
pathophysiologically different principles. The first is high
shear stress, which affects the venous floor of the recipient
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of significant intimal hyperplasia (IH).6,7 The second is
flow separations that occur in sudden graft expansions and
lead to the development of pseudointima on the PTFE
wall.
High venous shear stress is believed to be the main
reason for the failure of prosthetic straight end-to-side arterio-
venous grafts, which exhibit particularly large amounts of
shear stress. To reduce shear forces impacting on the venous
wall, the Venaflo (Bard, Tempe, Ariz) graft was recently
developed.8 Experiments showed that the cuffed Venaflo
design was able to effectively reduce the shear stresses near
the venous wall.9 After the clinical introduction of the
Venaflo grafts, however, the long-term patency of cuffed
arteriovenous PTFE grafts remained poor.10-13 This pre-
sumably is because the Venaflo graft has a wide cuffed
outflow section that effectively reduces the shear forces, but
as a result of the sudden anastomotic expansion, simulta-
neously promotes the creation of flow separation areas near
the PTFE wall. In pipe flow, a flow separation invariably
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tends to more than 6° to 8°.14 These separation areas are
prone to thrombotic accumulations, and eventually results
in the development of pseudointima on the PTFE surface
and, finally, in stenosis formation.15
After the Venaflo cuff is filled with pseudointima, it
resembles the shape of an end-to-side anastomosis, again
with rising shear stress levels impinging on the venous wall
and development of venous IH. Therefore, the long-term
results of arteriovenous PTFE grafts remain poor, despite
the introduction of cuffed grafts. Ultimately, the hemody-
namic problems of the venous anastomosis comprise the
two entities of high shear stress in straight grafts and
pseudointima development in hooded grafts.
We developed a modified anastomotic configuration to
resolve both problems simultaneously. The use of a diffuser
on the venous end of the graft, with a gradual widening of
the grafts outflow section, effectively reduces the shear
stress on the venous wall. However, the use of a widened
PTFE part always carries the risk of the creation of separa-
tion areas and eventual development of pseudointimal
thickening, as in the case of the Venaflo graft. We therefore
also introduced a flow separation of the outflow tract that
provides two separate outflow channels (Fig 1).
We named the combined design of a diffuser (reduc-
tion of shear stress) and a flow divider (reduction of flow
separation at the prosthetic wall) the Bi-Flow graft. To
investigate the flow dynamics of the Bi-Flow graft, silastic
models of several anastomotic variations were created. The
models were designed and built using a computerized
numerical control (CNC) design andmillingmachine. This
enabled us to vary only the relevant parts of the venous
anastomoses and provided identical geometries of the re-
maining model. The silastic models were investigated using
particle image velocimetry (PIV) and dynamic flow mea-
surements.
MATERIAL AND METHODS
Model design and fabrication. Silastic models (Ta-
ble) of a straight end-to-side anastomosis, a Venaflo-type
Fig 1. In this schematic drawing of the Bi-Flow graft design, the
arterial part consists of a straight polytetrafluoroethylene sheet,
which widens to a venous diffuser. A flow baffle is used inside the
diffuser portion to divide the outflow section into two flow chan-
nels.graft, two diffuser grafts (large and small), and two Bi-Flowdesigns (large and small) were designed by means of 3-
dimensional (3D)modeling software (Cinema 4D, Release 8;
Maxon GmbH, Friedrichsdorf, Germany; Fig 2). The flow
divider was created using a thin, 2-cm-long plastic sheet
that was orientated perpendicular to the recipient vessel.
The baffle was positioned in the central part of the diffuser,
allowing the creation of two equal flow channels.
By using a parametric design approach, we accordingly
varied only the venous anastomoses, while the geometries
of the remaining models remained constant. A gradual
widening of both walls was introduced in the diffuser grafts,
to create the flow diffuser segment. The funnel was formed
over a distance of 4 (heel) to 6 cm. The Venaflo model was
constructed using a protruding hood section, with only a
slight expansion of the heel part of the anastomosis.
The 3Dmodel data were exported as an STL file, which
contained the geometry description of the model and was
used by computer-aided manufacturing (CAM) software
(Deskproto 3; Filou Software GmbH, Rheda-Wiedenbrück,
Germany). The CAM software calculated the milling paths
for the CNC milling machine.
A 3-axes CNC milling machine (Autograv III, Wessel-
ing, Germany) was used to create two complementary
casting molds. We used polyoxymethylene plates (Delrin;
DuPont, Wilmington, Del) as a base material for the mill-
ing process. The molds were sanded after the milling,
attached, and screwed. Finally, they were filled with a
heated alloy with a low melting point (MCP 70; HEK
GmbH, Lübeck, Germany). After the alloy was cooled, it
was mounted into a die cast, which was later filled with a
pourable addition-curing silicone rubber (Elastosil RT
601; Wacker AG, Munich, Germany). The models were
allowed to dry for 12 hours, after which the alloy was
removed by gradually heating the models in an oven.
Flow and PIV measurement. The silastic models
were attached to a pulsatile flow circuit powered by a Berlin
Heart artificial heart (Berlin Heart GmbH, Berlin, Ger-
many) system,9 which consists of an air chamber and a
blood chamber that are separated by a flexible diaphragm
(Fig 3). The air chamber was connected to a stationary unit
that controlled the frequency and driving pressure of the
system. The height of the driving pressure determined the
resulting flow rates. Flow rates and perfusion pressures were
Table. Parameters of the inflow and outflow diameters of
the studied silastic modelsa
Graft type
Diameter, mm
Inflow Outflow
Straight end-to-side anastomosis 7 10  7
Venaflo type 7 30  8
Diffuser graft small 7 25  8
Diffuser graft large 7 50  8
Bi-Flow graft small 7 25  8
Bi-Flow graft large 7 50  8
aThe hooded grafts had an elliptic outflow cross-section.measured using an ultrasound flowmeter (T206; Trans-
ilastic
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(Transpac IV; Abbott Laboratories, Morgan Hill, Calif).
The perfusion solution consisted of 42% glycerine
(Merck, Darmstadt, Germany) and 58% water, which re-
sembles the viscosity of human blood. Viscosity was mea-
sured using a capillary viscosimeter (Cavis; Raczek, Wede-
mark, Germany), and the mixing ratio was adjusted to a
viscosity of 4 mPa  seconds. Hollow glass spheres (mean
diameter, 9-13 m, Sphericel; Potters Industries, Parsip-
pany, NJ) were added to the perfusion solution as tracer
Fig 2. Hardcopy of the software used to create the
computerized numerical control milling machine.
Fig 3. Image shows the finished sparticles.A double-pulsed Nd:Yag laser (Minilite; Continuum,
Santa Clara, Calif) and a CCD camera (Flowmaster II;
Lavision, Göttingen, Germany) were used for the PIV
measurements. The laser was triggered by means of the
flowmeter, allowing for pulsatile measurements. The im-
ages were analyzed using a cross-correlation algorithm by
means of standard PIV software (Davis 6.2; Lavision, Göt-
tingen, Germany). Ten consecutive time steps were re-
corded during each cardiac cycle, starting at 50 millisec-
onds after the beginning systole. The cardiac valve closed at
mensional models that were eventually used for the
model of the small Bi-Flow graft.3-di450 milliseconds; hence, five steps were recorded during
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lated after three consecutive PIV measurements for each
time step. The exact description of the used PIV system and
fluid dynamics calculations were described earlier.9
Because PIV allows for high-resolution imaging, each
model was measured at multiple locations, and finally, the
entire model was reconstructed using Photoshop CS3 im-
age editing software (Adobe Systems Inc, San Jose, Calif).
The PIV data were used to calculate the shear stresses inside
the anastomoses. The shear stresses impinging on the ve-
nous wall opposite of the anastomotic outflow were com-
pared between the models.
For a comparison of flow rates through the models,
they were subjected to stepwise increased systolic driving
pressures generated by the Berlin Heart system, and the
resulting flow rates were measured accordingly. The sys-
tolic driving pressures were varied in four steps from 150 to
300mmHg, while the diastolic driving pressures were kept
constant at 20 mm Hg. The use of low diastolic pressures
allowed complete fluid evacuation during diastole. The
results of five consecutive measurements per step were used
to calculate mean values. Dye injection studies were done
for visualization purposes (Videos 1-4, available online
only).
Statistical analysis. Data are given as mean values 
standard deviation.Maximum shear stress values were iden-
tified within the calculated shear stress mappings. The
peripheral resistance was calculated as the ratio of pressure/
flow.
RESULTS
Straight end-to-side anastomosis flow dynamics.
Inside the straight graft model venous anastomosis, a high-
velocity mainstream flow developed during systole that
impacted with high momentum directly on the venous
floor. Small counterclockwise rotating vortices were also
present in the hood and heel areas of the anastomosis (Fig
4). The calculated shear stress levels near the venous wall
were as high as human arterial wall shear stresses (Fig 5),
whereas the peak values in the vicinity of the wall were 7
dynes/cm2. A small separation area was present in the heel
section of the anastomosis. The measured volumetric flow
rates increased linearly with rising systolic pressures of the
Berlin Heart device (Fig 6).
Venaflo-type anastomosis flow dynamics. The main
stream inside the Venaflo graft entered the hood area of the
anastomosis and eventually decelerated due to the wide
expansion of the anastomosis. The velocity head, impacting
on the opposite vein wall, was considerably lower compared
with the end-to-side-anastomosis (Fig 4). However, just as
the anastomotic funnel widened, large flow separation areas
developed at the hood and heal areas of the anastomosis. In
the hood area, a large counterclockwise rotating vortex was
created during systole that eventually dissolved during dias-
tole. In the anastomotic heel, a broad forward-backward flow-
ing separation field was evident. Both boundary layers were
present throughout the cardiac cycle. The calculated shear
stress levels were much lower compared with those of thestraight graft model (Fig 5). The maximum values near the
recipient vein wall were 4 dynes/cm2.
Small and large diffuser-type anastomoses flow
dynamics. The flow dynamics within the large and small
diffuser anastomoses were similar to the Venaflo-type anas-
tomosis (Fig 4). The entering mainstream flow was notice-
ably decelerated within the center portion of the gradually
widening anastomoses. However, the hood separations of
both diffuser graftswere considerably larger than in theVenaflo-
type anastomosis. Likewise in the Venaflo, a forward-backward–
flowing separation, with presumably no net flow, was seen
throughout the cardiac cycle. The shear stresses were much
lower than those in the straight graft model (Fig 5). The
maximum shear values at the wall were 4 (small diffuser)
and 3.5 dynes/cm2 (large diffuser).
Small and large Bi-Flow anastomoses. The flow di-
vision within the Bi-Flow anastomoses provided two
equally perfused flow channels (Fig 4). A small separation
zone was present near the baffle surface, which was attrib-
uted to the nearly right-angled configuration of the baffle
with the wall of the prosthesis. The reunified flow of the
main stream behind the baffle showed venous wall shear
stress levels that were considerably lower compared with
those within the straight end-to-side-anastomosis and
comparable to those within the other models investigated.
No relevant separation was present in the hood flow chan-
nel, but a small forward-backward–flowing boundary layer
was evident in the heel channel. This area, however, was
relatively small compared with the Venaflo- and diffuser-
type geometries. In contrast to the small Bi-Flow, a sub-
stantial separation zone developed in the large Bi-Flow
model. The calculated shear stress near the venous wall was
slightly lower than that within the remaining models (Fig
5). The peak values were 2.7 for the large model and 1.7
dynes/cm2 for the small Bi-Flow model.
Hemodynamic measurements. The measured flow
rates increased linearly with increasing systolic perfusion
pressures applied using the Berlin Heart device (Fig 6). The
comparison of the flow rates through the silastic models
showed a good agreement, with exception of the small
Bi-Flow model. The flow rates through the latter model
were considerably higher compared with the other models.
The mean flow increase of the small Bi-Flow compared
with those of the remaining models was 21%. This ratio was
stable throughout the measurements.
The measured perfusion pressures, generated by the
driving pressures of the Berlin Heart showed, additionally,
that the lowest pressures were found in the small Bi-Flow
model (Fig 7). This was in accordance with the calculated
peripheral resistance values, which revealed a marked de-
creased flow resistance of the small Bi-Flow model, whereas
the highest resistances were found in the straight graft (Fig 8).
DISCUSSION
Arteriovenous PTFE grafts used for vascular access
have a poor long-term prognosis.1-3 One of themain causes
for the poor prognosis resembles the development of ste-
noses in the graft-vein anastomosis.4,5 The stenoses result
ed in
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with pseudointima development in the PTFE part of the
anastomosis. The pathophysiology of the venous neointima
hyperplasia differs from the IH in arterial grafts.6,7 The
main difference is the degree of the shear stress near the
wall.
Although low shear stress may be involved in the de-
velopment of arterial hyperplasia, the main reason for ve-
Straight end-to-side anastomosis
Small diffuser anastomosis
Large diffuser anastomosis
Fig 4. Particle image velocimetry provides reconstruc
350-millisecond time step during systole. The flow ma
present in the Venaflo as well as in the diffuser grafts. A la
the double channels. However, separation areas developnous IH is the presence of very high shear forces that arebeing created when the velocity head, which leaves the
PTFE prosthesis, impacts directly on the floor of the recip-
ient vein and turns centrally. This creates a hydraulic jet that
is particular high in straight end-to-side anastomoses,
which unlike the cuffed geometries, has no anastomotic
expansion. In the straight configuration, no deceleration of
the flow momentum is being created during the course of
the blood through the graft, and the arterial flow directly
enafl o-type anastomosis
arge Bi-Flow anastomosis
mall Bi-Flow anastomosis
mages of the velocity fields obtained representing the
ream was fully developed. Large separation areas were
r flow pattern was visible within the Bi-Flow grafts inside
the large Bi-Flow model due to the broad widening.V
L
S
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in st
minacollides with the wall of the recipient vein. In addition, the
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the vein, which increases the already high dragging forces.
The high flow momentum entering the vein at an unfavor-
able angle is thought to be one of the major causes for IH
of the vein.16,17
The Venaflo prosthesis was developed to decrease the
high wall shear forces.8 This graft uses a venous anasto-
motic cuff that effectively reduces the shear forces present
near the venous wall.9 The clinical application of the Vena-
flo grafts showed some improvements of the long term
patency, however, there are still a number of cases in which
significant venous stenosis has developed, and the overall
results remain unfavorable.10,11,13
The main drawback of a funnel-shaped anastomotic
geometry is that in anastomotic expansions, separation
areas develop invariably. This is a well known fluid mechan-
ical principle of pipe flows where a sudden expansion of
more than 6° to 7° is introduced.14 With a greater angle,
the flow near the wall rapidly decelerates and a flow sepa-
ration occurs. Small recirculating eddies usually develop
Small diffuser anastomosis
350 ms250 ms150 ms
Small Bi-Flow anastomosis
350 ms250 ms150 ms
1350 ms250 ms150 ms
straight end-side anastomosis
Fig 5. Sheer stresses were calculated in the graft vein j
systole. Although particular high shear stresses were pres
the remaining models were moderate and significantly lowithin these areas, depending on the velocity of the mainstream, but no directed flow is generally present. A forward-
backward–flowing situation is usually traceable; however, the
presence of low flow areas near thrombogenic surfaces such
as PTFE lead to thrombotic wall accumulations and even-
tually the development of pseudointima.15 Therefore, with
the formation of pseudointima cushions on the prosthetic
surface near the venous anastomosis, the principal fluid
dynamic advantage of a hooded anastomosis is lost. After
remodeling of the cuffed anastomosis, a straight configured
end-to-side geometry remains. Hence, the introduction of
a cuffed anastomosis postpones the development of a ve-
nous stenosis but is obviously not capable of completely
preventing it.
Two major geometric problems exist in the present
design of arteriovenous graft vein anastomoses: (1) high
shear forces produced by the high-velocity main stream of
straight end-to-side grafts lead to venous IH, and (2) the
formation of separation zones in cuffed anastomosis evoke
the development of pseudointima at the graft wall near the
venous anastomosis. The Bi-Flow graft was recently devel-
350 ms250 mss
e diffuser anastomosis
e Bi-Flow anastomosis
350 ms250 mss
fl o-type anastomosis
350 ms250 ms
on at the 150-, 250-, and 350-millisecond time step of
the straight end-to-side anastomosis, the shear forces in
compared with those in the straight graft anastomosis.150 m
Larg
Larg
150 m
Vena
50 ms
uncti
ent inoped to improve the graft-vein hemodynamics. The new
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prosthetic part of the venous anastomosis that was created
by inserting a longitudinally imposed baffle. The baffle ends
ahead of the sewing area of the venous anastomosis to allow
for an undisturbed sewing of the anastomosis.
The Bi-Flow graft addresses both pathophysiologic
problem areas—the high shear stress problem of straight
grafts (intimal hyperplasia development) and the flow sep-
aration problem of hooded grafts (pseudointima develop-
ment).
The introduction of a flow diffuser with a gradual
widening that appreciates the 6° angle rule was the first step
toward hemodynamic optimization of the venous anasto-
mosis. However, a compromise between effective flow
deceleration and the formation of separation zones had to
be accepted. To avoid flow separations, the diffuser length
must be increased to allow for an effective deceleration of
Fig 6. Comparison of flow rates through the silastic models. The
systolic pressures of the Berlin Heart were stepwise increased, and
the resulting volumetric flow rates were measured. The flow
through the small Bi-Flow graft was 21% on average higher com-
pared with the remaining models.
Fig 7. The measured perfusion pressures showed decreased pres-
sures in the small Bi-Flow model, while the highest pressures were
found in the straight graft model.the main stream; however, the diffuser part should be keptas short as possible to provide a sufficiently long puncture
area. We were, however, able to demonstrate, within sur-
gically and anatomically realistic dimensions, a considerable
flow deceleration leading to significantly reduced near wall
shear stresses was feasible. This was shown in the diffuser
type graft and in the Bi-Flow models. The wall shear stress
levels near the floor vein wall were considerably reduced.
This is the same fluid dynamic principle that is used by the
Venaflo-type approach. However, there was still a great risk
that the introduction of a diffuser alone would not be
sufficient to enhance the overall hemodynamic perfor-
mance because of the possible development of flow separa-
tions due to graft kinking or unfavorable graft vein angles
remains.
Hence, we additionally introduced complete flow sep-
aration within the diffuser part of the graft by inserting a
baffle, thus creating two flow channels. The PIV measure-
ments revealed parabolic flow velocity profiles within each
channel, indicating the presence of a laminar flow pattern
with negligible separation areas. However, the dye visual-
ization studies revealed that a small boundary layer was
present on the baffle-wall transition zone. This design flaw
should be addressed in the eventual graft production pro-
cess. One possible solution could be the creation of a
figure-of-eight–shaped cross-section with round flow chan-
nels. The combined design concept has the potential to
decrease the near wall shear stress because the diffuser effect
is still effective, while simultaneously, the creation of sepa-
ration zones is prevented by the flow separation.
One particularly interesting finding was the relative
flow rate increase of the smaller Bi-Flow model. Although
the discharge rates through the remaining models were in a
comparable range, the flow rates in the smaller Bi-Flow
models were generally higher. The difference increased
with rising perfusion pressures and was up by 32% in the
highest pressure group. In contrast, the flow rates in the
Fig 8. Comparison of the calculated peripheral resistances of the
silastic models. The resistance of the small Bi-Flow model was
markedly decreased. This finding could possibly explain the flow
increase though this model.larger Bi-Flow model, which showed marked separation
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disparities in the flow rate measurements were explained by
the markedly decreased resistance to flow of the small
Bi-Flow model. We hypothesized that the large separation
areas within the hooded grafts, like the Venaflo, diffuser,
and large Bi-Flow models, were acting as virtual stenoses
because they decreased the potentially available luminal
space and created unwanted energy losses.
The experiment using the sequential flow increase was
initiated to compare the flow performance of the individual
anastomoses. One drawback of that experiment was the use
of relatively low flow rates, which are uncommon for arte-
riovenous grafts per se. This was attributed to the pediatric
version of the Berlin Heart that we used because the adult
models were oversized for the silastic models. Nevertheless,
the increase of the measured flow rates that were generated
by rising driving pressures of the heart was linear, and the
highest flow rates in our setting resembled a typical human
flow situation. Another limitation represents the fact that
we only used one outflow vein diameter.
One issue that has to be addressed is whether the
inserted baffle would hamper a possible thrombectomy in
case of a graft thrombosis. The baffle or flow division is only
a short distance, so a standard thrombectomy could be
performed using a small incision in the straight part of the
PTFE graft. Each channel could then be thrombectomized
using a Fogarty catheter.
The positive experimental findings of the smaller Bi-
Flow model justify its use as an arteriovenous graft in an
animal study because the safety of a double-channel graft
has to be verified before considering a clinical trial of the
Bi-Flow graft.
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